Mating systems and parental care are predicted to coevolve because the former dictates the cost-benefit ratio of the latter by affecting genetic relatedness between adults and offspring. Reptiles show only rudimentary forms of sociality and parental care and, hence, could provide important insights into the early stages of the evolution and maintenance of social systems. The skink genus Egernia exhibits the most complex form of sociality and parental care in lizards, with the formation of stable social groups typically consisting of a monogamous pair and their offspring. Here we show that, within a social group, offspring sired by males other than the social father are restricted to the area of the parental home range that is occupied exclusively by the mother. Thus, males rarely tolerate offspring within their home range that they are not genetically related to. This may increase the cost of multiple mating for females and offspring via increased risk of infanticide, reduced parental tolerance, and increased motheroffspring competition. We outline a verbal model for how this could generate a feedback loop in which selection favors reduced multiple mating by females and increased paternal care, thereby setting the stage for the evolution of complex sociality and genetic monogamy.
Family conflict and the evolution of sociality in reptiles Mating systems and parental care are predicted to coevolve because the former dictates the cost-benefit ratio of the latter by affecting genetic relatedness between adults and offspring. Reptiles show only rudimentary forms of sociality and parental care and, hence, could provide important insights into the early stages of the evolution and maintenance of social systems. The skink genus Egernia exhibits the most complex form of sociality and parental care in lizards, with the formation of stable social groups typically consisting of a monogamous pair and their offspring. Here we show that, within a social group, offspring sired by males other than the social father are restricted to the area of the parental home range that is occupied exclusively by the mother. Thus, males rarely tolerate offspring within their home range that they are not genetically related to. This may increase the cost of multiple mating for females and offspring via increased risk of infanticide, reduced parental tolerance, and increased motheroffspring competition. We outline a verbal model for how this could generate a feedback loop in which selection favors reduced multiple mating by females and increased paternal care, thereby setting the stage for the evolution of complex sociality and genetic monogamy. Key words: Egernia whitii, mating systems, parental care, paternity, sociality. [Behav Ecol 20:245-250 (2009)] R eproductive strategies are of fundamental importance in ecology and evolution. They involve both mating strategies, such as monandry versus polyandry (Emlen and Oring 1977) , and strategies related to the care taking of offspring (Clutton-Brock 1991) . However, although often treated separately, the 2 are closely intertwined because selection should only favor investment in offspring that are closely related (Trivers 1972; Maynard Smith 1977) . For example, uncertainty in paternity as a result of female promiscuity should select against paternal investment post-copulation (Trivers 1972; Wright 1998) . Thus, factors driving the evolution of promiscuity could lead to evolutionary reduction in paternal care and perhaps even the dissolution of social monogamy (Kokko 1999) , as suggested by an interspecific relationship between the level of extrapair paternity and paternal care in birds (Møller and Cuervo 2000) .
This argument also implies that in species where the certainty of paternity varies across breeding attempts, selection should favor plasticity in investment, provided that reliable cues to paternity are accessible (Westneat and Sherman 1993) . Several studies have documented that plasticity in investment does exist and, at least in some cases, is adaptive (e.g., Møller and Tegelstrom 1997; Neff and Gross 2001; Hunt and Simmons 2002) . However, studies of the adaptive value of facultative parental care and its evolutionary consequences are compromised by the complexity of care provided by parents and, hence, the potential for adjustment at multiple levels (see Kempenaers and Sheldon 1997; Sheldon 2002) . Furthermore, in birds (where patterns of paternity and parental care have been studied most widely), there is considerable skepticism regarding the ability of male parents to distinguish between their own and extrapair offspring (Kempenaers and Sheldon 1996) . Systems in which individuals display relatively simple forms of parental care and well-documented kin recognition should therefore be suitable models for addressing the evolutionary dynamics of mating strategies and parental investment.
Birds are part of a large monophyletic group of vertebrates that also include animals traditionally classified as reptiles (Hedges and Poling 1999) . In contrast to birds, however, reptiles rarely show parental care, and, when present, it is largely restricted to defense of eggs and offspring (Shine 1988; Somma 2003; Huang 2006) . However, lizards of the genus Egernia form social pair-bonds, and offspring frequently remain with their parents for a prolonged period of time (1 year; Chapple 2003), during which they obtain direct and indirect protection from predation (including by conspecifics) and access to basking sites and food sources (e.g., Bull and Baghurst 1998; Gardner et al. 2002; O'Connor and Shine 2004) . Egernia also exhibit considerable variation, both within and between species, in group structure and complexity, ranging from solitary species through to species that occur in large extended family groups, and are thus excellent model organisms with which to examine the evolution of sociality (Chapple 2003; While et al. forthcoming) . Despite this, the evolutionary origin and maintenance of sociality within Egernia remains poorly understood (Chapple 2003; Osterwalder et al. 2004; Chapple and Keogh 2006) . Importantly, in Egernia, as in other systems, it is still unknown to what extent relatedness between the social father and his partners' offspring drives the formation of social grouping, whether there are costs of female parental care under reduced male tolerance, and how these are linked to the evolution and maintenance of sociality and genetic monogamy.
Here, we show that tolerance of offspring into the social group, and the associated structuring of family groups, is driven by offspring paternity relative to the social father. Specifically, offspring sired by males other than the female's social partner are restricted to remain in areas of the female's home range that do not overlap with the social father, whereas withinpair young normally have access to the home range of both parents. Based on this and other studies, we argue that these patterns are driven by paternal kin recognition and incur several costs to both offspring and mothers. Finally, we present a verbal model for how those costs represent the driving force for the evolution and maintenance of social and genetic monogamy in this group of reptiles, thereby explicitly linking preand post-copulatory reproductive strategies, which set the stage for the evolution of more complex social systems.
METHODS

Study species
White's skink (Egernia whitii) is a medium sized (up to 100 mm snout-vent length [SVL]) viviparous lizard found throughout southeastern Australia. Our study population is located at Orford, on the east coast of Tasmania, Australia (42 o 57#S, 147 o 88#E). Males and females are sexually monomorphic, become reproductively mature at approximately 3 years, and display an overall life span of 9-10 years (Chapple 2003) . Reproduction is annual, with mating typically occurring during the austral spring (September-October) and gestation spanning 3-4 months (While et al. 2007; While and Wapstra 2008) . The social organization of Tasmanian populations of E. whitii is based on small family groups typically centered on a stable socially monogamous male/female pair-bond, similar to that found in mainland populations (Chapple and Keogh 2006; While et al. forthcoming; this paper) .
Field and laboratory protocol
The study was conducted between August and April during Toward the end of gestation, all gravid females in the population were brought into the laboratory to give birth (2005, n ¼ 31; 2006, n ¼ 32; 2007 , n ¼ 30; average time in the laboratory until birth 17 6 0.73 days). At birth, offspring were temporarily removed from their mother in order to be marked, weighed (61 mg), measured for SVL, and total length (61 mm) and have a tissue sample taken for later genetic analysis. We were unable to assess offspring sex as neonate female Egernia retain their hemipenes until well after birth (Chapple 2003) . Within 3 days of birth, offspring were released with their mother at their mothers' site of capture. During each subsequent field season, we recaptured all adults and surviving offspring at the study site, recording date of recapture, morphometric traits (weight, 61 mg; SVL and total length, 61 mm), and, throughout the field season, positional data. This allowed us to estimate offspring survival and dispersal. As the study site is flanked on all sides by physical barriers (e.g., roads and unsuitable habitat), emigration into the site by unmarked individuals is low (,10% of individuals are captured unmarked in each year, and all individuals within the population are recaptured at least once), and captures of marked animals outside the study area is low (,10 observations/year); estimates of offspring survival are highly unlikely to be compromised by dispersal of offspring out of the study site.
Adult home ranges were calculated from positional data using a fixed kernel analysis with a least squares cross-validation smoothing parameter (Powell 2000) , with a 95% isopleth used to calculate total home range and a 50% isopleth to calculate core area. Within each season, individuals for which we calculated home ranges were observed on an average of 17 occasions. Where an individual's home range did not reach 80% of the asymptote, it was removed from further analysis (Rose 1982) .
As an individual's 50% core area is associated with permanent shelter and crevice sites from which basking, feeding, and social activities are undertaken (Chapple 2003) , social pairings were primarily identified based on core home range overlap (see Osterwalder et al. 2004; forthcoming for similar approaches). Males were identified as the focal point of the social groups as they are highly aggressive toward one another over resources (e.g., crevice sites, females) resulting in very low male-male home range overlap (particularly at the core area level). A male's social partner was primarily assigned to the female(s) with which he overlapped any portion of their core home range (90% of social groups). However, in rare cases where social groups occupied multiple crevice sites that could be frequented by males and females differently, males and females observed together did not always overlap at the core area level. In order to document the social organization of the population as comprehensively as possible, in these instances an individual's social group could be identified based on total home range overlap (10% of social groups). For these social groups, we set the criteria for social group identification at a higher level (i.e., .75%) so that only individuals that almost completely overlapped at this level could be identified as social partners and only if behavioral observations had suggested so previously. Identification of social groups was supported by observational data, relating to pairing behavior (i.e., communal burrow use, basking, mating, and parental tolerance), collected within each season (see O'Connor and Shine 2003; Chapple and Keogh 2006; forthcoming for similar approaches). In most cases (71%, 62/87), social groups were based on a socially monogamous pair containing a single adult male and female; however, 29% (25/87) of social groups were socially polygynous, including multiple females (While et al. forthcoming, see also Chapple and Keogh 2005; Chapple and Keogh 2006) . These social groupings were highly spatially and temporally stable within and between years with .70% of all individuals remaining with the same social partner between seasons and .50% overlap of core area locations between seasons (While et al. forthcoming; see also Chapple 2006; Keogh 2006) .
The most fundamental aspect of parental care in Egernia is tolerance of offspring within male and female home ranges and thereby access to food, thermal resources, and protection (Bull and Baghurst 1998; O'Connor and Shine 2004) . To identify instances of parental tolerance, we recorded offspring location in the season after its first hibernation relative to its parent's total home range. We did not examine home range overlap of offspring with their parents home ranges itself because the relatively low number of positional fixes (,10) of offspring precluded accurate home range analysis. However, analysis of offspring for which we had sufficient data to
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Behavioral Ecology calculate home ranges showed that offspring were extremely site specific throughout their first field season, exhibiting low levels of spatial variation in locations. Offspring were given a score of 1 if 50% of their observations were within their parent's total home range and a score of 0 if .50% of locations were outside their parent's total home range. However, in the majority of cases (82%), offspring had .90% of their locations either completely within or completely outside their parents home range (see also Bull and Baghurst 1998) . Levels of offspring tolerance were calculated for each individual's mother, its social father (who may or may not also be their genetic father), and both social parents.
Microsatellite genotyping and parentage assignment
All individuals at the study site were genotyped for 6 tetranucleotide microsatellite loci (EST1, EST2, EST4, EST12: Gardner et al. 1999; TruL12, TruL28: Gardner et al. 2008) after DNA extraction with a modified hexadecyltrimethyl ammonium bromide protocol using standard molecular techniques. In E. whitii, these loci are unlinked, conform to the expectations of Hardy-Weinberg equilibrium, and are highly variable and informative (Chapple and Keogh 2005 , this study). Paternity was assigned using the computer program CERVUS 3.0 (Marshall et al. 1998 ) using the following simulation parameters: 10 000 cycles, 95% of candidate parents sampled, 90% loci typed, and a genotyping error of 1% (calculated in CERVUS from our data). The one parent-known option was used, with all adult males (SVL . 70 mm) in the population included as possible fathers. Paternity was assigned to the male with the highest male-female-offspring trio logarithm of the odds score and the lowest number of mismatches (0 or 1) (e.g., Foerster and Kempenaers 2004; Chapple and Keogh 2005) . In cases where we were unable to separate 2 males based on the above methods (17% of cases), paternity could be assigned to one of those males based on behavioral and home range observations (i.e., whether male home range was in the vicinity of the females home range) (see Foerster and Kempenaers 2004; Chapple and Keogh 2005 for similar approaches). Ten offspring (5%) could not be assigned paternity and were thus excluded from further analyses. By comparing paternity data to data on an individual's social pair-bond(s), we could determine whether offspring were the result of within-and extrapair copulations.
Statistical analysis
Links between offspring paternity and parental tolerance were analyzed in 2 separate steps. Firstly, we examined whether there were differences in the proportion of extrapair and within-pair offspring tolerated within the parental home range compared with those that dispersed using a chi-square test of the proportions (PROC FREQ in SAS STAT v. 9.2). Secondly, for those offspring who remained within their parents' home range, we tested whether paternity predicted where they settled. This was achieved using a generalized linear model (PROC GEN-MOD). For this analysis, we created a new variable and scored offspring with respect to whether they overlapped only their mother's home range (0) or any part of the parental home range that included their social father's home range (1). This was entered as the dependent variable, whereas season and paternity relative to the mother's social partner were entered as fixed factors, and date of birth and date of recapture as covariates. We could not examine what factors predicted which offspring settled within only their social father's home range because of the extremely low sample size in this category (n ¼ 4; all but one of these offspring were sired by the social father).
To control for nonindependence of our data, for analyses in which multiple offspring from the same litter survived, we randomly selected one offspring from these litters to be included in the analysis. To ensure that any significant results were not the result of the specific offspring randomly chosen, we bootstrapped our data and reran the analysis 100 times. In all cases, our interpretation of the results held. This approach was chosen over including litter identification as a random factor in a mixed model because the relatively low number of litters in which multiple offspring survived (28%) meant that we had relatively low statistical power to control for litter identification.
In addition to examining predictors of offspring tolerance, we also examined differences in female and offspring body size (SVL) and condition between individuals that had or were extrapair versus within-pair offspring using general linear mixed models (PROC MIXED). SVL and body condition were included as dependent variables in 2 separate models, litter paternity and season were entered as fixed factors, and litter identification (for offspring) and female identification (for females) were entered as random factors. Analysis of the differences between home range overlap with social partners for females that had extrapair versus within-pair offspring was carried out using a general linear model (PROC GLM). Home range overlap was included as the dependent variable with litter paternity and season entered as fixed factors. All models started with the full model including all relevant interaction terms, and we subsequently eliminated nonsignificant interaction terms (Quinn and Keogh 2002) . We report results for models containing all significant effects and relevant interaction terms after backward elimination. Sample sizes differ slightly between tests as not all target traits could be measured for all individuals.
RESULTS
Of the 176 offspring born in the laboratory during 3 field seasons, and released with their mother back into the natural population, 63 survived their first hibernation and were recaptured the following season, representing a recapture success (survival rate) of 36%. This included 43 offspring sired by within-pair males (68%) and 20 offspring sired by extrapair males (32%). There were no differences in body size (SVL) or body condition between females that had extrapair offspring and those that were genetically monogamous (SVL; F 1,33 ¼ 0.07, P ¼ 0.78; condition; F 1,21 ¼ 2.99, P ¼ 0.10). We also did not find any differences in offspring size (F 1,83 ¼ 0.22, P ¼ 0.64) or condition (F 1,83 ¼ 1.87, P ¼ 0.18) at birth between withinpair and extrapair offspring. There was no difference in the extent of home range overlap between male and female pairs for social groups that had extrapair offspring surviving versus those that had within-pair offspring surviving (F 1,49 ¼ 0.02, P ¼ 0.89). Thus, any patterns of offspring spatial organization in relation to extrapair paternity should not arise due to differences between females or offspring in size or condition or variation in parental home range overlap.
Sixty-two percent (39/63) of the surviving offspring were tolerated within one of their parent's home range in the following year, with the remaining offspring either residing outside their parent's home range (19/63, 30%) or had both parents die over hibernation (5/63, 8%). We found no difference in the number of within-pair and extrapair offspring dispersing from their parental home ranges in their first season after hibernation (v 2 ¼ 2.25, P ¼ 0.13). In both cases, the number of extrapair and within-pair offspring remaining within the natal home range or dispersing was roughly proportional to the levels of paternity across the population (proportion of dispersing offspring that were extrapair ¼ 16%, proportion remaining offspring that were extrapair ¼ 39%), suggesting that juvenile dispersal was not driven by offspring paternity relative to the social father. Of those offspring that were tolerated by parents, 69% (27/39) were tolerated by both their mother and the social father, 21% (8/39) were tolerated only by their mother, and 10% (4/39) were tolerated only by their social father. Paternity relative to the offspring's social father was the key predictor of where an offspring settled within the parental home range (v 2 ¼ 13.31, P , 0.01). The direction of this effect was opposite for each parent, with the large majority (87%) of offspring that only resided in the maternal home range being extrapair young, whereas the majority of offspring (77%) that settled in areas of the parental home range that included their social father's home range being within-pair young.
DISCUSSION
We have, for the first time, shown that the spatial distribution of juveniles in male territories is dictated by the relatedness to the social father in a lizard that forms social groups consisting of parents and their offspring. The observed pattern corresponds to what is predicted based on parental investment theory (Trivers 1972; Maynard Smith 1977) as offspring remaining on their natal territory are likely to confer a cost on both parents, both directly via competition for food and protection of offspring from conspecifics and indirectly by reducing the opportunity for other, potentially more closely related, offspring to remain in the territory. Below, we show how these costs could represent the driving force in the evolution of sociality and genetic monogamy.
Facultative parental care in relation to relatedness should be under selection whenever parental care incurs costs on parents (Trivers 1972) . Importantly, and in contrast to the situation in, for example, birds, parental care in lizards is simple and consists solely of tolerance of offspring on territories and defense against intruders. It is therefore unlikely that the differences in tolerance of offspring relative to paternity could be challenged by facultative changes in other aspects of care. Furthermore, many lizard genera, including several species in the Egernia group, have been shown to distinguish between genetically related and unrelated individuals based on scent (e.g., Main and Bull 1996; Lena and de Fraipont 1998; Bull et al. 2001) . Regardless of the evolutionary origin of a mechanism of kin recognition, it could be coopted to serve to distinguish between own and extrapair offspring and adjust tolerance accordingly, as suggested by the present study.
Previous studies have shown that there are several benefits of delayed dispersal in Egernia (e.g., Bull and Baghurst 1998; O'Connor and Shine 2004; Sinn et al. 2008) . Perhaps, the most important being defense against predators, including conspecifics. Indeed, it is not unlikely that the social father could represent a significant threat to offspring as conspecific aggression has been identified as a common threat to survival of juvenile Egernia (Lanham and Bull 2000; O'Connor and Shine 2004) . Even nonlethal attacks and harassment could have severe consequences as several studies have shown that tail loss (a common mechanism to escape predation; Maginnis 2006) leads to reduced survival, growth, and reproductive output (e.g., Niewiarowski et al. 1997; Wilson and Booth 1998; Fox and McCoy 2000) . Unfortunately, our sample sizes did not allow a detailed study of the correlates of offspring dispersal strategies and the most important fitness benefitoffspring survival-as this would require more detailed data on offspring survival and spatial distribution throughout ontogeny than was logistically possible in the current study. An exciting prospect for addressing these issues would be to use experimental manipulation of paternity in natural populations. Althoughourevidenceinfavorofaroleofparentalconflictover offspring settlement is still indirect, it does suggest a potential testable model for the evolution and maintenance of sociality in Egernia and other taxa with similar social systems ( Figure 1) . As with other family living taxa, environmental constraints (e.g., available crevice sites; reviewed in Hatchwell and Komdeur 2000) or life-history characteristics (e.g., life span, age at maturity; Covas and Griesser 2007) have been suggested to initially select for male (and female) territoriality in Egernia (Duffield and Bull 2002 , Chapple 2003 , O'Connor and Shine 2003 . Importantly, the same factors would also select for delayed dispersal and therefore parental tolerance, especially in saturated habitats. The ancestral mating system of social lizards is likely to be high levels of female promiscuity and, hence, multiple paternity (Uller and Olsson 2008) . However, production of offspring with males other than the female's social partner would come with a cost to females for 3 main reasons. First, it would increase the risk of offspring mortality due to increased predation or harassment by the social male (via kin recognition) and may require increased female investment in protection. Second, it would reduce the size of the area available to offspring and, hence, the benefits of delayed dispersal to offspring. Third, it would increase the cost of delayed dispersal for females because it would increase kin competition between mothers and offspring. Thus, under such a scenario, we would predict selection against multiple mating in females and an increase in the incidence of genetic monogamy (see also Kokko 1999) . With a reduction in multiple paternity, the increase in the average relatedness of overlapping males and offspring increases the value of offspring for males (and females) and could set the stage for increased stability of pair-bonding and complex patterns of sociality and parental care beyond that of simple tolerance. Furthermore, increased pair stability across years increases the average relatedness of offspring among cohorts, which reduces competition and could lead to the evolution of larger social colonies as found in some species of Egernia (e.g., Egernia cunninghami; Stow and Sunnucks 2004) .
The steps toward sociality outlined here could be tested in several ways, using both inter-and intraspecific approaches. Important components involve the relationship between female mating strategies, paternity, and the social grouping of adults. The majority of Egernia species display socially monogamous pair-bonds (see Chapple 2003 for a review), with multiple paternity in Egernia consistently lower than in other lizard species (Uller and Olsson 2008) . Despite this, there is still a greater than 10-fold variation in multiple paternity among species (ranging from 2.6% to 35.0%). Although there are several potential benefits of promiscuity and other costs involved in multiple mating than the ones outlined here (Uller and Olsson 2008) , we predict that the degree of multiple paternity should covary with the degree and intensity of paternal defense and the complexity of social organization (e.g., group size and the number of generations involved). Furthermore, female Egernia should be more reluctant to mate with additional males compared with other lizard species, or we may predict a higher incidence of forced matings (Birkhead and Møller 1996) . Within species, experimental manipulation of paternity (or paternity cues) and studies of maternal and paternal tolerance and defense of offspring will clarify to what extent adult and offspring strategies are plastic and provide direct tests of adaptive hypotheses. Importantly, the benefits and costs of delayed dispersal should be highly dependent on habitat quality and saturation (Komdeur 2002; Baglione et al. 2006) , suggesting that manipulation of environmental conditions, such as social density (which could influence both habitat saturation and the opportunity for multiple mating), could provide further insights into the fitness consequences of, and selection on, sociality within and between species.
In conclusion, spatial data from a natural population of E. whitii suggest that recognition of extrapair offspring by social fathers generates a conflict in which extrapair offspring remaining within the parental home range have to settle in the part of the parental home range that is exclusively occupied by the mother. We argue that the costs of reduced paternal protection and increased cost for mothers and offspring may select against female promiscuity and form the basis for the evolution of stable social groups and genetic monogamy in this group of lizards. Carrying out additional tests of these patterns based on the suggested framework will allow us to gain a greater understanding of the mechanisms that drive the evolution of sociality in reptiles. Such studies, which link social and mating systems, may also give us valuable insights into the evolution and maintenance of sociality across taxa. Fred Janzen and 2 anonymous reviewers provided valuable feedback on previous drafts of this paper. All work complied with wildlife regulations imposed by the Tasmanian Department of Primary Industries Figure 1 A conceptual framework for the evolution and maintenance of sociality and parental tolerance in Egernia. Environmental constraints and/or life-history characteristics initially select for the formation of social groups. Once sociality evolves, the system enters a feedback loop whereby continued selection on multiple mating in males (and/or females) results in within-litter variation in offspring paternity. Where males can discriminate between extrapair and withinpair kin, they can reduce their investment in nonrelated offspring, resulting in direct and indirect effects on female fitness. Thus, this selects against female multiple mating resulting in a strengthening of the socially (and genetically) monogamous social system. During evolutionary time, the components of this loop will lead to strong selection against female promiscuity and a strengthening of pair-bonds. The resultant increase in certainty of paternity for males increases the value of offspring to both males and females allowing for greater investment in offspring by parents, setting the stage for the evolution of more complex sociality and parental care.
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